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[?olle«ing is the translation of an article
: by M.A. Rivin entitled "Mekhanizm Gazovoy

- . Detonatsii® (English version above) in.
Usgelkh i Khimid {hdvances In Chemistry), Vol.
20, No. 4, 1951, msuaw, ‘pages 473-494.]

S 1 . Ihtroducti‘on

L

~ The phenonen01 of detonation of gases has frov the time of_
its discovery_in,l&&l sgrved as the subject of numerous investiga-
;tions which have continued up to the present.

lnterest in this phenomenon has been stimulatﬂd both by 1ts

| 4 } great technical importanceq in partieular for praa?ices of eyplosionu
proofing in coal mines, pits, and in chemical industry, and,uy thg_
principal characteristics of this type of propagatiqn‘cf flame.‘ As
is well Known, the name detonation or detonation wave_is given to
the phenomerion of propagation of a flame in detonating‘gaseoas mixe
tures with a very great rate (1500-3500m/sec), where -this rate re-
mains strictly constant for every given mlxture an&lwithink broad

limits depends very little on the initial fanditionsv(temperature,

ipitial density, form of the section of the pipe, and its dimensions)

i | The noticeable mechanical effects which accompany detonation indie-

ate that high pressures are developed in the wave, whilg'high activ-




ity of the detonation flame giveﬁévidence of the fact that'the-temp-
erature in it considerably exceeds the»temperature of a‘normal flame.
: Recent1§ a teﬁdengv has been noted for a broadening of the ¢ircle of
phenomena which are designated by the term "detonétian,ﬁ and for the
inclusion in it of all cémb@stion processes with a rate exceading
the velocity of sound (although not constant). |

Detonation is usually caused by means of an explesion of &
charge of an explosive substance, for example, lead azide, in & tube
filled with a cdmbustihlevﬁixture. In detonation under definite con-
ditions a usuai flame also develops in a closed tube. caused, for '
example,by an incandescent wire, an electric spark, etc.

Basic fcr the study of detonation was the photographic method
in 1ts various variants, which permitted not only the measurement of
the rate of propagation cf the detonation flame (acccrding to the
inclination of its trace on a moving film), but also the different-
iation of details of its structure. _

| A sharp external distinction between detonatibn and the so=
called "normal” flame cofresponds‘to a profound internal difference
in the mechanism of their pxopagation. ‘The normal flame is propa=-
gated through thermal conductivity and diffusion of the active cen- |
ters from the reaction zone ("the front of the flame") into fresh
' gasy hence its rate, determined by thé‘ahpearaﬁce of molecular trans
fer, alway% is considerably less than the aVérageﬁtﬁermél rate of

the molecules, i.e., less théﬁ the:velocity of sound,’éhd the drop
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in the pressure in the‘flame, cauéed by the cﬁange in tﬁe’veloﬁity |
of the substanre in it, is always small, » -

An essential condit&on for #etanaticn combustion appaarf tn
be the presence of a pcwerful shm"k wave wiih a pownrful jump in
the pressure and a superacnic velocity of tue substance in 1%. The
rate of prOpacation of detonation combustion 1s not related to |
diffusion and thermal conductivity and exceeds by several timus the
velocity of saund in thn initial substance. The rate of propagation '
of a normal flame is known to be dependent on the rate of the ra~
action in it and the time of the reaction cléarly enters into the
equaticn for the rate, while the rgte of detonatlon can be calcul«
ated with great accuracy frOm o&iy the physical and thermarhamicai
prOperties of the substance‘ Evidon*ly therefore. the theory ef
gaseous detonation was originally developed by purely thermodyndmic
means. The uhale specific chemical character of gach given mixturn,“
from which everything must be interpreted in 3 treatmant of the |
limits of the phenomenon, was characterized by the concept of same‘
_absolute ignition temperature, lower than which the reactian ta?es
place very slowly and higher than which it goes 1nstantaneously,
Only in connection with thé'deveIOpmeﬁt of the kinetics:of gaseous
reactions and chain theory. in which ] leading role belonus to the
Soviet school headed by N. N. Semenov, was the neaessity percelved of

taking into consideration the characteristics of all combustian

processes due to fhe fact that the reaction takes plage in tima,
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and'thé}reai possibiliiy §f eﬂch:a cehsiderafion, Lased on the
achievements of chemical kinetics, became apparent.

~ The current theory of detonatien has as yet been limited
chiefly to a considexation of the very fact of the development of
the reaction in time in the detonation wave. Alrnady'this has per-
mitted a better undarstanding of prccas es which take place in de-
tonation combustion. A direct calculatioa of the characterxstics of
the detonation wave on the nasis of kinetxc data as yet remains very
difficult (although the first attampts of such nature have already
been madp) both as & result cf the imsufficiency of kinetic data on |
the course of concrete reactions and beCause until now the very
mechanism of the transfer (transmission) cf ‘the reactimn in the
wave has been unclear. This article is dedicatad chiefly to just
this mechanism cf txansfer af the reacticn in gassous detonation.
Hence, we shall consider here only those stages of the daveIOpment
of theory and only those works which are essential to an understand-
ing of the current state of this field and the task of further re-

search in it.

2 Original DeveIOpment of +he Theory .of Detonation

Berthelot,1 who discovered the phenomenon of detonation, prc--
posed that the chemical reacticn (combustion) in the vave is trans-

ferred from layar to 1ayer by particles of gas which possess a high |

, velocitg and an abilil abilitv to produce the reaction. Heasured rates of
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detonation and the averagervelocities of thermal motion of mole-
cules which he calculated wherethe temperatures of the combustion
of the mixture seemed sufficiently close; Further preciéian of
thermochamical data;'in particular heat capacities at high teﬁper-
' atures, showed, however, that tﬁé iemperaturés balculated by Ber?
thelot, and therefore the velocities of the molecules as well;‘aré
considerably high.

| Most of the succeeding rescarchers came to the conclusion that
the compression and initial heating of & combustible mixture by a
shock wave, accompanied by a wave reaction'aﬂd maintained'bybit,apw
peared chiefly in the transfer of detonafion'cambusticn‘ One.of the |
first to express such a viewpolnt was our compatriot V. A. Mikhel'son |

who, in hls well known dissertatinm,z

gave an interesting theoreti-
cal analysis of_the phenomenon. Comparing detonation with the prop-
agation of shock waves, which had élready been comparatively'well
studied in his timg V.A, Mikhel'son came to the conclusion that a
detonation wave is a shock wave. However, in contrast to hormal
- shock waves in a gas, which are rapidly extinguished and degenerate
inte gound waves, detonstion is propagated In a sufficiently long
tube to any length, with a strictly constant rate. .This is possible
.becauze in detonation, as the shock wave is propagated, it liberates

the cherical energy contained in the combustible mixture and on ac~

count of this can maintain its constant rate. The liberation of

energy takes place in the following way. The shock wave, compressing




‘each succeeding layer of gas, takes it to such a high pressure and
heats it to such a high temperature that an unusually fast, practi-
cally instantanebus reaction arises in the combustible mixture, and
all the chemical energy of the combustible mixturs at the shock wave
front is transforned inte thermal energy.

Imposing the condition of stationariness on such a shock
wave, Mikhel'son obtained very interesting results, which remained
insufficlently appreclated for many years. Hence, it remains for us
here to consider thevprcpagatian of detonation in an infinitely long
tube in the "inverse” 3ystem»of,coordinates reléted to the proton
wave. ‘ , . ;

In such a system of coordinates, a tube with ihe fresh mix-
ture (pressure Pgs density @+ temperature TQ) will strike against
a stationary wave with a velocity D of propagation of detonation
relative to the tube. Let.us construct.two control sections, AA'
and BR' (Fig. 1) before the shock wavé_frent and at some distance
behind it, in such a way that a drop in pressure, density, tempera-
ture?and velocity takes place_betweenlthese éectiens; Lat us recali
that in the éyé#emvof coordinates we have selected all phenomena are
stationary, i.e., the state and velocity of the gas in every given -
section does not change with time. Let us also sexclude from consid-
eration any loss through‘friction or heat ém§9310n; considering
them to be negligibly small. Then it is easy to draw up an equation

for the conservation of matter and momentum. Designating the state
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of the gas compresssd by the wave (to the right of BB') by the sub-

seript 1, we obtain (calculated for one square unit):

‘pvl} = Pyl e ne, (1)

where u is the velocity of the compressed gas relative to the wave
front, and m is the mass velocity of the gas (the mass of the gas

which passes in a unit of time thIOugh a2 unit in the surface of the

y
wave ). Let ue write the equation for the conservation of momentum
in the form

Py — Py D -A_‘mw e mﬁ {0y = V) . {2 . -
] wherezrgéris the specific volume of the gas{
J
A€ 8
gAY L~ Lepps
4' ‘|l ﬂ!

‘Fig. l. Propagation of a shock wave in an inverse system of
¢oordinates.

Conseguently,

me=y) i Gy

Dua to the stationariness of the phenomenon, the same




relationship is correct for the gas in any intermediate section CC',
including also such sections where the chemical reaction takes place

(1iberation of heat). Hence for any section

| g Sl ,_" S |
L _ P %m ?“‘pa“f'-’ﬂ‘%mw“ﬁ',m n® - o {4} E
Eefe ©

it is evident that in the P-v diagram all points satisfying
equation ~{4) lie on the straight line AB, which passes through the
point Py, vg at an angle whose tangent is tand = - (Fig. 2).

Thus, all paSsible statés through wﬁich the gas can pass in

the process of detonation'(compression and cambustion)*;ie on the
straight line AC. This circumstance,-aé will be shown later, is of
great importance for the current theorybof detonatioh.

The most thermodynamically stable of all the states depicted
by‘the straightlliﬁe AC is the state in which the ehtropy has a
maximum. Mikhel®son preposed that the gas in a detonation wave after
termmnétian of the reaction passes into just this state. At the
point of the straight line at which the entropy is maximum (point D
Fig. 2}, the straight line AC evidently relates to the jsentropic

state. For the point of tangency, we can easily find from equation
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Fig. 2. Adlabatic curves of Hugoniot for shock (curve GEA)
and detonation (curve FIJ) waves. :

(4) and the ecuation of isentropy (PvK = const.)




and for an ideal gas (Pb = RT),

L - Ty W‘ K

Mikhel'son nctes the curious cirémstance that the maximum of the
température Iies:above the point D. Indeed, the maximal tempera-
ture corresponds to the point of téngen;y of the straight line AC
to the corresponding {sotherm {Pv = conét.;_ ksl)7 and the ratio of

the pressure at the point of maximal temperature ( .Point B,Fig.2)

to Bp will be egqual to

f.e., Pg is always somewhat greater than PD¢ For normal explosive
mixtures in the pombustion products k == 1,2, from which Py =wl.l PD‘
Correspondingly T, = Tp == 1.01 TD .

Equation (7) can be simplified by neglecting the initlal
pressure Py in comparison with n. Indeed, n = Po4m2 vo = PogmDs

when Pg<&nD, which is the case for all the usual explosive mixtures,

we can set n=¥mD, and then
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where R and M are the gas constant and molecular welght of the com-
bustion pfoducts. and D is expressed in m./sec. This formula is

very convenient for an evaluatiod of Tp according to the known rate

of detonation. If we considar that the velocity of sound c? = kRT

and if we utilize equation (8), then we come to the equation

]) :t:::-Cn -——lr‘::—l fo~it 1,80’;. ' . ' (9)

where Cpy is the velocity of sound in the detonation products. Let

us find the relationship between the velocity of the wave relative

to the compressed gas behind its front and the veiocity of sound.
Utilizing equations (4) and (1), let us rewrite equation (&)

in the forms

n=Pptmuy: (k1) Pp.
Reducing and multiplying both parts by vy, we obtain

— 42 e e 08
m’vﬂcll[,-—llb = kPD'UD-«ch,

from which




(10}

L!_D:'—‘-ij

Thus, the rate of propagation of det@naticﬁ relative to the
teéatien products behind its front is“gqual to the local velocity
of sound.' This property of the detonation wave, observed by E.
J@uguet,3 is of fundamental signifigance for its stability and
distinguishes it from normal shock waves, the rate of propagation
of whisﬁ relative to the gas compressed in them is always less than
the velocity of dound, as is well known. The wave of expansion of

_the detonation products, which is spread over some distance behind
the wave front, moves with the velocity of scund Cp, and, due 1o the
ccnditién evpressed by equation (10}, can not éeach the wave front
and weaken it. Nor can any small (sound) disturbance overtake the
Afront part of the wave.

The most detailed thermocdynamic consideration of detonatlon
was performed by Jouguet.

Consldering the stationary detonation wave, we have already
constructed for it an equation of conservation of matter (1) and of
momentun (2). Let us now construct an equation for the conservation

of energy. The stream of energy flowlng in through section AA*
(Fig.1) is equal to the stream of eneigy flowing out through sectiocn

BB':




/ARy AR (11

where H is the enthalpy, which includes in the general case the chem-

-~

ical energy of the ¢gas Qchepe

T v
= CpT #+ thgmfe Cp “‘T""‘ Qckem.
J P
0 .

For a mixture of a given chemical composition H is a function of Pv.

Excluding from the three equatiéns (1), (2), and (11) with
four unknowns (Py, vy, U, and D) u and D, and utilizing the equa-
tion cof state Pv = RT, we obtain an equati&n of some 6urve lying in
the surface P, v, where every point of this curve coiresponds to
some wave which satisfies;given initial "conditions and all three
equations (1), (2), and (11). In Fig. 2 such a curve AEG is pre-
sented for the case Qchey = © (the‘adiabatic-curvezof Hugoniot for a
pure shock wave) as is the curve JMKF for éhe case of a given
Uhen, 70 ~ (the adiabatic curve of Hugonict for a detonation
wave). The rate of detonation

pamva.xvn;/ 53“5_% R

is given by the angle of inclination of a straight line constructed
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from the point A (Povy) to a given point on the adiabat, for example

K. As can be seen from Fig. 2, two points (two gtates) on the adi-
 abai correspond to every rate. AL exception appesrs to be the point

of tangency, at which the secant AK turns into a tangent. This

point is éistimgui&heé by the fact that in 1t the adiabat of Hugondot

alzo pertains to the isentropic state {the adi&ba% of Paiagan§wanﬁ

is the polnt D alrsady known to us. the point of triple tangency u

corresponds 1o the‘maximum of entropy on the straight line AC, but

the minimun of entropy on the adiabat JF.

A comparison with experiments shows that in fact the staie D,
corresponding to the minimum possible rate of detonation, is élways
realized. ﬁarer adiabats, represented by points lylng above the
point D, are not realized. Indeed, 5n 21l waves cszrespéﬂéiﬁg o
the points of the branch of the curve DEF, th@vvalaaity of the wave : .
relative to the gas compressed in 1t 1s less thsn the velocity of
sound (ugcf Cg)a Therefore, if elther the gasaous mixture is arti~
ficially placed in a condition ﬁarrasp@ﬁ&in@, for example, to the
point K, the rarification wave, which in the absence of artificial

preﬁsuré from behind follows the compression® and is propagated with

% The necessity of the subseguent rarification follows from

the law of conservation of metter: At a given quantity of the sub-

stance in an unchanged volume an increase in the density in the




shock wave above the average value can take place'only at the ex-
pense of a decrease in it behind the wave (at the front of the wave
the ga§ i3 not excited). In order to aveid rarefication, it is ne-
cessary to create‘an axtificiai pressure, for exémple with the ald
of a piston, which moves behind the wave. A simple exposition of
the physics of shock waves can be found in 18. An experimental re-
alization of detonation corresponding to the peint K, in the pre~

sence of an artificial pressure, can be found in 38. |

Rhe velocity of sound, will confinuous;y overtake the front of the
detonation and lower the bréssure'in it, so that it does not become
equal to Pp. In the state D, as has been established, up = Cps

| hence further weakening of the shock wave ceases and a stationary
system is established. ’

For thea points'of the branch DMJ, there 1s the reverse re-
lationships uyS Gy, Hence the rarer .curves represented by this
branch are not thermodynamically and ﬁechanically prohlibited, and
the theory of Jouguet does not glve any basis for their exclusion,
The selection of the point D by Touguet thus appéared to be theo-
retically arbitrary and was ﬁased only on éxperimental data.

For a long period of time a.considerable portion of the ex-

perimental investigations of detonation ware devoted to a verifi-

cation of the theory of Jouguet. It was established that the rates
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" of detonation in the mcst'éiverse mixtures are found %o be in good

agreement with the calculated values.® The pressures in the de-

&

% In an evaluation of the degree of agreement we must take
into consideration that more or less relizhble thermal data {depend-

ence of the heat capacity or the temperature etc.) at very high tem~

. N y
peratures have bacome sttainable only over the last ten tco twelve
years.
tonation wave, measured by Campbell and co-workers? by the method
of rupture of calibrated membranes, proved to be in good agreement =

with the calculated walues. Thus, axperiéenﬁs have, a8 it were,
confirmed the correctness of the theory of Jmﬁgﬂet.

For some time the question has'hqen discussed of whether it
i¢ necsssary to take into gonslideration the pressure of dissociastion
whern determining the temperature and composition of the combustion

'prﬁévsts, The estaplishment of equilibrium, it would seem, re-
quires tiﬁe. Honce 1f, as is assumed in the theory of Jouguet,
the combustion reactien (emission of &eat}‘proceeds practically

netantansously, the succeeding endothermic reactions of dissocia-

52

tion should not influence the rate {raxrification can not overtakes

the state D). Investigation of the rate of detonation at varicus




pressures, cﬁnducted by Dixon® and by A. C. Cokolik and K. I.
Shehslkin® for different mixtures, and calculations of the x#te

of deténation taking inte consideration dissoclation, performed by
Lewls and Friauff/ and further, more extensively and accurately,

by Ya. B. Zel'dovich and S. B. Ratnega, have ‘shown that equilib-
Tium in a detonation explosion can be established and that there-
fore it is essential to take into consideration the dissociation of
the combustien products in thermodynamic calculations.

As the circle of investigations has broadened'the insufficien-
cy of the thermodynamic theory of Jouguet, which has proved incap-
able of explaining é whole series of'phénomena observéd experimént~
ally, has been more and more clearly re@ealed. In particular the
weakne;s of this theory for;an explanation of the ability of one
mixture or another for detonaticn has been revealed. Not every com-
bustible mixture is capable of detonation. It is impossible, for
example, to force a mixture of carbon ménoxide and air to detonate
under normal conditions, although in the usual burner it burns very
wall, For any combustible mixture, fér exémple for a3 mixture of hy-
drogen and oxygen, it is always possible at a given pressure to find
such a relatioﬁship of the components at which this mixture, though
remaining combustible, becomes incapable of supporting the propaga«
tion of a detonation wave. Such a limiting composition at Pg = latm.

has obtained the name "concentration limit of detonation.” Detona=-




tion limits also exist for pressure {the prapagaﬁién of detonation
in a given mixture becomes impnssible at a sufficiently low pres-
sure) énd for the diameter of the tube. Atjempts to explain the ex-
istence of a limit by the fact that the temperatufe from the com~
pression in the front of the wave to the limit becomes less than the
temperature of igaiticn of a given mixtarg, as a result of which
the mirxture ceases to ignite (Jouguet, Gruésardg), have proved to
be quantitatively and qualitatively inadequate. The very idea of
an ignition temperature, as of some absolute characteristic of a
combustible mixfuxa, is unreal and can not be considered out of the
context éf all the other conditions andi especially, without regard
tO'tgiiiczgleration of the reaction (the time of inhibiticng {nduc-
tion.), inherent in pra¢ti¢aliy all reai mixtures. The detosation
theory of Jouguet operated by a concept of instantane&u% (i.e., hav=
ing a Iengtﬁ of the érder of the {ime of compression of matter in
the front of the shock wavé) fonition and instantaneous reaction of
the mixture at the front of the‘défoﬁatiun wave. |

The development of chemical kinetics, of the theory of chain
reactions, and of the theory of thermai explosion has made it pos=
sible to approach the investigatian of gaseous detonation from new
positions. In particular, a number of investigations of the limits

of detonation of various combustible mixtures and of thelr detonation

ability ha&e been conducted (A. S. Sckolik, M. A, Rivin), leading to

the conclusion that the reaction in the detonation wave must not be




considered as instantaneous. 10-11 The course of a reaction in time
closs to the limits becomes a factor determining the detcnation ab~-
; ility of the mix{ure,_which détermines the very appearance of the
limit, Such & point of visw is fuliy confirmed bf the observed in-
fluence of various factors on the limit of detonation, Thus, Laf-
fit énd Bretonl? showed that an increase in the initial presaure‘of‘
2 mixture Qf hydrogen and air from 1 to 8.7 atm. displaces the con=
centration limit respectively from 18.5%- Hy in the mixture to 14.5%,
An increase in the initial temperature in thie mixture (when B=l
atm.) to 300° displaces the limit zowérbthan 17% H2.13‘ An increase
in the initial temparéture of a CO-air mixture to ¢§hsbo“, accord-
ing to the data of M. A. Rivin,13 causes the detonation of this mix-
ture, which does not detonate under normal conditions. An increase
in the‘initial pressure or initial temperature leads respectively
to 22 increase in the pressuré or temperature of the gas compressed
by the shock wave. Both these factors vitally influence the rate of
the chemiéél reaction,

However, experiments in which the,influence of small admix~
| tures on the ability for detonation were studied seemed most indic-
ative. After adding 1.3% Hy to a non~-detonating mixture of carbon
monoxide and air, M. A. Rivin and A. S. Sokoliklo obtained regular
detonation in this mixture. The substitution of 1.3% CO for the Hp
practically does not change either the ehergetic or the physical

properties of the mixture; however, as is well known, small admix-
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tures of hydrogen have an unusually strong influence on the kinetics
of the oxidation of CO. An analogous action on the detonation of

. the Saéa mixture is exhibited by small (0.3%) edmixtures of CoMo.

A mixture of methans and air which does not detﬂﬁéﬁe under normal
conditions detonated in the experiments of M. A, Riv1514 after the
adaition to it of 0.3% ethylene orTG.S% pentana.

Based on all these ﬁata,_M‘.Aﬁ Rivin and A. S. Qakcliklc

pro=
posed that the attainment of the limit is determined by the fact
that the reaction in the‘wavé ts decelerztad in proportion to the
dilution of the mixture, while the extent of the reaction zone is-
increased. The detonation wave thus represents a shock wave in
which gas is compressed, heated, and begins t@_r&act as a result of
this. After some time % has passed -~ the‘induatien period (time of
{nhibition), -~ the presence of which is characteristic of the over-
whelming majority of normal combustible mixtures, & rapid ignition
and combustion of the mixture takes plaﬁé. Thus, between the front

of the shock wave and the zone of rapid reaction {1gnition) there

exlsts some gap which is equal to d = %D.* Assuming that the at-

# In fact 4 3';-3%- , where @ 1is the density of the gas

compressed by the shock wave.

tainment of the limit of detonation is determined by the fact that




the width of the gap d reaches a limiting size, and that upon furw
ther increase in 1t a steady propagition of detonation becomgs im-
possible, the iﬁdicated authors gave a kinetic condition for thé
achievment of the limit in the form of the equation

- dlim‘

T =
hm D

Within the limits of the detonation ¥ &%¥y3,, the width of
the gap is much less than the limiting value, and hence propagation

of detonation is possible. ¥

3. Current Theory of Detonation

- Attempts to develop'quantitatively the qualitative ideas
presenied above within the framework of'the old thermoéynamic theory
have shown that the introduction of new qualitative ideas of the
course of the reaction in the wave demands a radical revision of
the old theory and an analysis of the detalled mechanism of the
process. Such a revision was made by Yé. B. Zel'dovichl® in 1940
and led him to the following basic results.

The sharp change in preésure at a strong sho&k wave, as is
well known, takes place at a width of the order of several lengths
of the free path of a molecule of the gas, while the course of the

chemical reaction, according toc the current kinetic representations,




-~ requires in every case more than a thousand coiliéianﬁ, Thus, for
example, &vén under the conditions of the detonation wave gﬁﬁmprﬁﬁ”
sion temperature 1700 - 1860°% K.}, only in cne of fmvaGO';allisianﬁ,
 does the energy of ths colliding particles prove to be sufficlent

for the reaction of atomlc hydrogen with oxygen

e

H4 0= O +0

(a branchel chain reaction), which, as is we},_?. kmwmm determines the
raie of oxidation of hydrogen. To fhi$ must also be added the in-
fluence of the steric factor, thanks to which ﬁhe probakility of the
reaction becomss significantly less. In the first mémant after com-
pression (Sireétiy after the front of tﬁe shock wave ) the'gaﬁ still
- is not capable of reazction., Hence, en.the pP-v diagram the state af
the compressed gas directly behind thebwave front is depicted
by some point of the curve AEG of Fig. 2 {the adiabat of Hugoniotfor
& pure 5hs¢k wave}. At the ssme iime, since every system is stead-
i1y propagated with the constant rate D, the point which depicts it
should lie on the straight line AC. As can be seen from Fig. 2.
both conditions correspond to only two points: the inditial point A
and the point Ee‘ In the course of time, as the resction takes place
and energy is glven off, the dépicting point sirikes the intermedi-
ate adiébat. which cciresgg@ds te a partial liberation of heat, for

example on the adizbat MN}Fig. 2, while at the same time remaining

on the straight line AC. A complete liberatien of heat, the state




of'"datonatién,“ corresponds to the point D. Th&s, the gas in the
dstonation wave passes from the inltlal state to the stats corre-.
sponding to point £, and then, as the reaction takes blace, passes
throuqh a continuous series of states represented in the P - v di~
agram by the section of the straight line ED and, finally, strikes
pcint D {the point of JOuguet), which corresponds to the final state
of the detonation products. The distribution of ihe temperature,
pressure, density, and concentratioﬁ of the substance behind the
front of the shock wéve je shown schematically in Fig. 3, borrowed
from a work of Ya. B.’Zel"dovi.ch'.17 - The froht §f the shock wave,
in which a sharp change 1n P, Q, T, and u takes place, is denoted
by E, while the state correspending to the point of Jouguet {Fig.2)
is denoted by D. Calculations show that P3 w2 Pp, while Pp, in
tuzn, is approximately twicé as large és the pressure éf an explo=-

sion of the same mixture in a closed volyme.*

*1t is evident from Fig. 2 that n is equal to the section (C

cut off by the straight line AC on the y~-axis.

An analysis, taking into consideration the presence of an
unavoidable loss in heat emission and friction during the time the
reaction takes place, was made by Ya. B. Zel‘dovich with the con-

clusion that the state of deténation, which corresponds in all its
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properties to the point D, is attained at the moment when the heat
content of the gas is maximal, i.e., when the evolution of heat
from the reaction is balanced by the loss in heat emission and

friction.* In this state pr@eisely the fundamental property of

#Strictly speaking, the loss‘by frictien is accompanied by
‘a change in the momentum of the mixture, so that in the presence
of friction eguation {4) %5 also altered and the depicting point
doss not lie on AC; this circumstance, which does not change in its

principal aspsct, is considered in the work meﬂti&had.15

o

detonation Uy = Chys which ensures the mechanical sﬁabiliiy of the
wave, 18 realized. Tt is very vital that in the reaction zone

{on the section AR of the ﬁﬁraight‘iiﬁa AC of Fig. 2) u = C, thanks
to whi&h the maintenance of the shock wave front by the subsequent
combustion is possible. Howsver, the adiabat on which D now lies
corresponds not to a total thermal éffect of the reaction, but to

a liberation of an amount of heat equal to the diff@rencé between
that Jiberated at the moment D by the heat of the reaction snd the
heat lost. Accordingly every adiabat constructed taking this loss
into account lies below the ideal adiabat FDT, and the inclination
relating to it is smaller; the rate of detonation in the presence of

2 loss is likewise smaller than the ideal rate.
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Steady detonation, corrasponding to the upper branch of the

curve DKF, is first of all impossible due to mechanical causes

; (uKdtt:Ci() » The lower branch of the curve DMT is also excluded in

the theory of Zel'dovich in & completely obvious ways in order to
arrive at the state M, the gas must first pass into L and then,
aftei a serles of succeséivé states along the stréight line AL, drop
to ¥ (Fig. 2).But in this process the substance should pass through
the series of states of the portion KM of the straight line, in
which the amount of héat should be greater than that contained in

the reacting substance;* 4his obviously is impossible. A direct

*Indeed.lall the points of the section KM appear at the

same time to be points of the adiabats lying above the adiabat FDT.

| abrupt transition from the state X to the state M is impossible,

since a shock wave of rarefication is thermodynamically impossible
(theory of Tsemplenlg)

Thus, the introduction of the time of the chemical reaction
into the consideration renders possible a strict basls for sslection
of the state-D as the only one realizable in the steady detonaﬁion
wave.

Recently articles have appeared in foreign literature, es-

pecially the American, in which the authorship of the current theory




Fig. 3. Distribution of temperaturs, pressure, density, and
concentration in the detonation wave:

E - wave front; D ~ gtate corresponding to the poini of
douguet

{1 « Reactlon products; 2 - starting mixture
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of detonation, developed by Ya. B. Zel'dovich, is ascribed to John
von HNeiman, who published his work in 1942 in a speclal edition
(OSRD Rep. No. 549, 1942). Let us recall that the exhaustive ari~
cle of Ya. B. Zel'dovich with a full exposition of his theoretical
resﬁltsl5 was published in 1940, and even before the war was
frequently cited in a nunher of Savie% works on detonation. Monethee
Iesa; in the large survey article of Eyring and co-workerst? devoted
to the probiem of the stability of detonation of explosive sub-
stances, the authors, analyzing the material from the point of view
of the course of the reaction behind the wave front, nswﬁerﬂ men-
ticned the name of Ya. B. Zel‘dévich, hut cften made‘spezial,al-
iusions to Neiman. {istigkeffsky and ¢§~wsrkerg20 do the same
thing in their recent work on detonation in a hydrogen-oxygen mix-
ture. Especially curious is the fact ﬁhat these authé;s there refer

to the article of Va. B. Zel'dovich of 1940% (which, therafore, was

EMOTEOVET , inagsurately, aséribing to him an sssertion which

he did not make.

known to them), but in comnection with other problems (the trans~
fer of slow combustion in detonation).
Insofar as it is possible to judge from the literature avail-

able to us, von Neiman did not consider at all the most important




‘Kistiakoffsky20 and co-workers as "the result of their experimental

problem for this theory, detenation in the presence of a loss of
energy from the reaction zone, while Ya. B. Zel'dovich resolved

this question quite completely and rigorousiy. Now, in 1950,

material," express (as their original hypothesis, "developing the
concapt of Nelman") the idea that in the presence of a loss, the
point of Jouguet is obtained at the moment when the losses bacome
equal to the intake of heat =-- a result which was rigorously ob-
tained by Ya. B. Zel'dovich in 1940,

The facts presented above are very indicative and clearly
characterize the unceremonious attitude of some fdreign researchers

to the priority of Soviet scientists.

4, The Mechanism of Transfer of the Reaction

Is the accepted mechanism of the reactlion (auto-ignition as
a result of compression) the only one possible? Until now there
have been no direct and convincing experimental data which would
permit an unambiguous basis for the selection of the mechanism of
jgnition by pressure of a shock waﬁa. Casodynamic theory indicates
only that combustion begins after compression by a shock wavej this,
howsvar, does not mean that it is caused by the compressicn. For
example, such a scheme where behind the shock wave front, at some

distance from it, the resaction is propagated in the form of a normal

flame along the gas compressed by the wave is also logically possiblel
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In this scheme, the whole relationship of the theory of Zel®dovich
and the whole scheme of the detonation wave axe conserved, since
they de.not depend on the concrete mechanism of the course of the
reaction and are obtained only from the single consideration of the
course of the reactioﬁ in time and %he-seleétian of the state E as
the first state realized within the detonation wa§e& Hmw&vérg the
nature of the chemico ~kinetic functions in the wave, the guans-
titative influsnce of_the initial pressure, the initial temperature,
and other factors on them will strongly differ in both cases, de-
pending on whether the reaction is propagated by means of a flame

or by means of auto-ignition as a fesuli of compressioh;

A basic objection which is usually expressed against such a
scheme boils down to the fagﬁ that a flame which is propagated by
neans éf molecular thermal conaactivity can not be prapagated with
the rate demanded by the conditions of the detonation wave. Indeed,
the boundary of the reaction zone in the wave moves relative to the
reaction products with the velocity of sound, while the normal rate
of the flame is known to be much smaller than the velocity of sound.
This objection, bnwever, can be easily removed by assuming that the
front of the flame is not flat. The normal veldcity of the flame,
of‘course, remains unchanged under this assumption, but the total
amount of the burning substance increases proportionally 1o the sux~
face of the flame, while the volume of the burning substance in~

creases in the same proportion; hence, the path traversed by the

)




flame along the tube is equivalent. At the place where the flame
front is distorted, as a result of the increase in the amount of
substance burning in a unit section of the tube, an increase in the
axial velocity of its motion arises, and, therefore, so does an in-
| crease in.the pressure gradient, which in turn leads to the formation
of individual jets and bursts of gas, which carry the flame out
forward, etc. The rate of transference of the flame now is made up
of the normal rate of its propagation along the motionless gas and
the rate of the jets of gas which transfer the fléme and can prove
to be much larger than the normal rate. K. I. Shchelkin was the
first to pay attention to the influence of the agitation of gas in

. . 2
the phenomena of detonation, first;in the origin  of detonaticnr7

K. 1. Shechelkin also detected a strong influence of the roughness of
the walls on the propagation of detonation.32 For a mbre detalled
exposition of the theory of the acceleration of the flame in the
stroam, see 21,22. )

As L. Do Landau23 showed, a flat flame front should become
unstable under certain conditions, and auto-agitation should take
place, leading to the development of the surface of the fiame and
an increase in the rate of propagation. Unfortunétely, it is still
quite unclear under just what conditions autosagitation of the flame
actually takes place. It is unclear whether a stable complex
“shock wave - auto-agitated flame™ is constructed. Hence, it is

difficult to make an immediate definitive evaluation of the possi~




bility of the actual existence of such a mechanism of the propaga=-
tion of the reaction in the detonation wave, although, as we shall
see furfher, there are many indirect indlcations that in & number
of cases it dees take place.

Another possible mechanism for;tbe transfer of the reaction
by turbulent flame was recently considered by M. A. Riving4

let us consider schematically the nature of the motion of
the gas hehind the éeienatien front. At the moment of compression
in the shock wave front AA, the gas (Fig. 4A) until then at rest,
is compressed and takes on a translational velocity W, which is the
same alon@ the whole section of the tube. . In proportion to the
motion along the tube (and, accordingly, the distance from the wave
front), the particles of gas acdhering to the WQEXs are retarded,
fcrming a boundary layer of increasing thickness. At some distance
from the place of the beginning of the flow, a disruption in the
laminar boundary layer takes place. The turbulent boundary laver
being formed gradually thickens until it encompasses the entlre
section of the tube. Directly behind the place of {he disruption
the stream consists of the very thin, so~called "laminar sub-layer”
which adheres to the wall and becomes the turbulent boundary layer
of increasing thickness, and (in the center) of the basic stream
with a constant value of the velocity. The velogity of the flow of
gas in the boundary layer varies from zerc at the wall to the velo-

city W at the boundary of the boundary layer and the central nucleus

\




of the stream., The whole process close to the beginning of tﬁe

flow igtroduces the picture of fléwing around a thin plate, with

the distinction that in the case under considerztlion, as a result of
the constancy of consumption, the retarding of the gas close to the
walls by the variation in pressure produces a corresponding increase
in its raté in the nucleus, and thus a decrease in the rate of the
wave relative to the gas invthe nucleus D - Wy, The site of dis-
ruption in tﬁe boundary layer in physical hydrodynamics is deter-
mined by the condition that the numbei of Reynolds, consisting of
the distance from the beginning of the detour in the flow to the
place ofvtﬁe disruption, was equal to 5°105. For the case of typ~
ical normal detonation in the mixture 2H; 4 Op (at an initlal pres~
sure of one atm.), this distance proved to be equal to approximately
0.3 e¢m. Accordingly, the distance from the wave front to the place
of disruption of the boundary layer (the distance between the sec~
tions BB and AA) is equal to 0.3(D-W)/W x=0.06 cm., while the time
from the beginning of the compressiond = 10~65ec.

Let uws suppose that avto-ignition of the mixture behind the
wave front takes place somewhere to the right of BB, for example in
CC. 1If it should turn out that the rate of propagation of the flame
under the conditions of the turbulent layer (along its inner side),
Wigrh.s thanks to the redistribution of velocity in the stream and

the large size of the pulsation,* ‘is larger than the velocity of




#The pulsation rate is proportional to the difference in rales

of close-lying streams of gas. In the case under consideration,

" the velocity of the gas varies over the extent of the thin boundary
layer from zero at the wall to W= O,Sbu 0.85D gt its inner bound-
ary.vlpulsatians of the order of hundreds of m/ses. correspond to
this. We should add that the normal velocity of the flame at &

kigh temperature of the Qas in the shock wave should also be great.
For the influence of both these factors on the combustlon rate see

21, 22.

the wave relative to the c&mpreéséd gas, then the flame moving along
the inner side of the turbulent layex would approach the site of

the disruption {section BB) and the stationary 5tate shown in Fig.
4, b would be attaineda At some distance behind the waée front,
close to the place of disruptich of the“bcundary layar, a circle of
flame is established which is propagated along the agitated layer
with the same velcéity as the wave. From this circle the turbulent
flame is propagateé along the whole section of the.tube. in the
section CC the state of the products of the concluding combustion

corresponds to the point of Jouguet on the Psﬁ diagram. The average

time from the baginning of the compression of the layer of gas

(section AA') to the termination of the combustion in it will repre-
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Fig. 4. A possible scheme for the transfer of combustion
by a turbulent flame behind the detonation wave front.

1 -~ wave fronts 2 - detonation products.




sent in this scheme the effective time of reaction,

Thus, under the condition when wiupp & D - W, it is suffici
- ent if'the time required for adisbatic ignition in the wave ﬁrovas
to be gfeater than approximetely 10"6 $4C.y S0 thét the compressed
gas will begin ig bura before ignition takeS’plage. The emergence
of a focus of combustion at some spot in the section (this also
pertaing completely to spin detanétion) awvtomatically makes auto-
jgnition difficult. A partial local consumption of the mixture in
a given section corresponds to a decrease in the average values of
the density and pressure for the sectiop (the deplcting point in the
P - v diagram moves upward along the stiaight line of Mikhel'son)

and leads to a corresponding isentropic drop in the temperature of

[
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still unreacted portion of the mixture. The decrease in the
pressuﬁe and the temperature should entail 2 hindrance of ignition,
a displacement of it from the wave front; and,in the case of a suf-
ficiently strong dependence of the rate of reaction on these factors,
should also lead to a complete disruption of it. -~

' It is easy to see that when satisfying both the three equa-
tions -- (1), (2) ?nd (11), and the assumption that the reaction
takes place in time?:;he initial state A to the detonation state D
(Fig. 2), it is possible to pass not only through state E, but also
directly from A along the section of the straight line AD. Although

there are no general bases for rejecting such a scheme of the struc-

ture of the detonation wave, until now no satisfactory mechanism for

0




the transfer of the reaction has been proposed for it. In particu-
lar, all the attempts to construct a machanism in which the re-

action is transferred by active particles, which fly out of the

detonation flame forward into the fresh gas, encounter one general

difficulty: the distance of the action of such a bombardment

cannot exceed several lengths of the free path, a distance at which

“all reactions should be able to take place; this, as we have seen

above, is impossible.

We have dwelt on the consideration of this schemé chiefly
in order to emphasizé that the absence of general bases for the
prohibition of the path AD leads to the necessity for a detailed
analysis of every new mechanism of chemical reaction which might be
proposed. There are no sufficiently weighty bases‘fcr asserting
that the path AD is impossibla in principle. This ren&érs an axper=
imental investigation of the structurs of the detonatiﬁn wave, which
could coneclusively resolve the problem of the mechanism of the un-
coupling and transfer of the reactlon and;ihe path alohg which the
state of the substance in the reaction zone varles, especially
vital. Let us note that the mechanism of turbulent propagation
proposed by the author24and consldered aboye demands a rapid motion
of the gas in front of the reaction zone. But only the shock wave,'
which spreads out with a supersonic VQlocity, is capable of setting
the gas in motiony thus this mechanism is élso depicted in the

P-v diagram by the juup AE and the section ED, and not by the
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direct transition AD.

.The existence of limits of the propagation of.detanationp ac-
cording to the theory of transfer of combustion as a result of igni~
nition by compreésisn, is due to the fact that aé the mixture is
diluted {or the pressure'or_temperatuye'is lowered, etc.), the re-
action rate in the shock wave decreases, the reaction zone is eitend»
ed, and the loss of energy in heat emission, friction, and incomplets
combustion in the reaction zone increases. Beginaing wiﬁﬁ some a-=
mount of loss, the stationary propagation of the complex "shock wave
plus reaction" becomes impossibles the loss of energy leads to @
noticeable drop in the rate, the ﬁointhp slips downward, and the
temperature and'pressnre in the»wavé drdp.' This leads to a sharp
decelefation of the reaction, to an increase in the depth of its
zone, and, éonsequently, to an even greater increase in the loss,
etc. | ’

Quantitative estimates showl® thét for real mixtures the lim-~
it should appear at cemparative1y smal1 losses of energy -~ of the
order of ten per cent of the thermal effe@t of the reaction. Such
losses can take place only when the reaction zone is extended to &
depth of at least severai diameters of the tube. Therefore, ac-
cording to the theory, close to the limit and at the limit the zone

of increased pressure and density, correspcnding to the passagé of

the substance through a series of states on the straight line ED,




should have a significant depéh and should yield compsratively sim-
ply to experimental invastigatien.36 However, a comparison with the
experimental material shows that long before the limit is reachsd
the detonation wave takes on a radical difference from the '"normal®
structure, becomes "epin" detonation and that, in fact, we must dif~
ferentiate two limitss the 1imit of "normal” detonation, when if
passes into the "spin" detonation, and the limit of "opin® detona-
tion or the absolute Iimif. Therefore; bafore dwelling in detail

on the problem of the 1imits of detonatlion, we must turn to a con-

sideration of the very phencmenon of "detonatlon spin.”

5. Detonation Spin

"Detonatlon spin® was dlscovered in 1926 by Campbell and co~
workers,25 who noticed the wave properties of the line of the de-
tonation wave front and ths system‘of bands of intensified emission
("the band structure™) on the photographs of detonation in a num-
bez‘of mixtures. The very simple and convincing experiments of Gamp~
bell and co~workers showed that the phenomenon of spin i¢ not re-
lated to any external influences (oscillations of the walls of ihe
tube, oscillations of the column of gas, etc.), but is inherent in
the very phencmenon of propagation of detonation. In spin detona~
tion the head of the flame photographed on film does not fill the
whole section of the tube, but 1s propagated élong it in a spiral

path, where the flame itself has the form of a column rotating almng
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the periphery of the tube. Hence photographs of the flame, taken
through & lohgituéinal spiit, alsgo have a wave~like front. Some-
times, photographing an entire glass tube (without siit), it is
possible to obtain on the film a clearly visible épiral, traced by
the flame. On photographs on moving film, made through a circular
¢1it in the end of the explosion tube, the flame leaves a trace in
the form of a cycloid, which also indicates the propagation of the
head of the spin in a spiral. Detailed measurements by Campbell,
and then by Bone and co~workers,26 and others have shown that the
pitch of the spiral described by the head of the spin depends prace
tically‘solely on the diameter d of théﬂtube and is approximately |
equal to three diameters. Acccrdingiy,'the frequency of the spin
{the number of rctationg completed by the fla&e in a second),
equallto N = D/3d, appears o be almost as characteristic for gach
given mixture as the rate of propagation of detonation D. It turnéd
out that the spin can be many~headed, i:e,, several focuses of the
flame can be propagated simultaneously along several spiral paths
of equal pitch. The heads are larger the larger the diameter of the
tube and the further the mixture approaches the limit.
up to 1000m/sec.

pased on high speed {scanning speed ﬁ‘ﬁ -} photographs of
spin detonation in a mixture 2C0+ Op, Bone and co-workers assert that
the horizontal system of gpin bands is nothing but an optical illu-
sion. In fact two systems of bands, differsﬁg from the head of the

flame by their angle to each other, exlst. Bright spots on the pho-
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tograph at the places of intersection of these,band@ blending to-
gether, give the impression of the horizontal bands visible on the
usual photographs of spin detonation. One system of bands, directed
along the movement of the wave, represents the tféce‘of luminbﬁa
. gases (contaminated, evidentally, by dust), which move behind the
front of the detonation. Another system of bands directed against
the movement of the wave represants, according to Hone, the traces
of thé compresaion waves which arise in the detonation front as a
result of periodic ignition of individual portions.of the mixture,
included in one coil of the spiral. The reaction of the detonstion
wave, according to these authors, is transferred from the flame front
with the aid of radiation, absorbed by the compressed gas in the
shock wave, which is propagated somewhat ahead of the flame. This
Jacobl radiastion produces local heating ih the formation of active
centers, a¢ a result of which a local ("point") ignition occurs.
Without even speaking of the doubtfulness of the numerous
hypotheses of the scheme of Bone, it does not explain the basic exw
- perimental fact =-- the rotation of the head of the flame in the spi=-
ral along the walls of the tube. This fact is also persistently ig~
nored in several other proposed explanations of epin, on which there
s no need to dwell here.3% The experiments of the authors cited on
the propagation of detomation in tubes of rectangular and triangu~
lar sections are extremsly imﬁortant.25»26 It has turned out that

in such tubes the head of the spin is propagated approximately along
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a described circle, while the afterglow pressives a band structure.

The resulis of these axperiments have permitted the authors to as«

cert that spin is not related %o 2 rotation of the entire mass of

the éas as a whole, as waé originally proposed by Campbell and k\

co-workers.

The first ratienal idea of the %echanism of spin was ex-
pregsed by K. I. Shehelkin?? in 1945. Based on the instantancous | L
Teppler pﬁstograph of spiﬁ in the mixture 20040y, conducted in the
cited work of Bone am& co-workers, on which it is visible that the
shock wave front has a break, K. I. Shchelkin proposed that deton-
aticn spin is'a}ways related te the preéence of a break in the shock-
wave front and that the igniticﬁ of the,ﬁixtuxe takes place just at
the site of the break, where the pressure and temperature of the gas

should be considerably higher than on the flat shock wave front. The

break itszlf, as a result of interactionﬂwith the flame following

hehind, rotates along the shock wave front along the circumference ;\~;;>
of the tube. The spin, according to Shchelkin, arises when the lim-
$t is neared, when “ignition in the plane shock wave (as is the case
in normal detonation) becomes impossible.” From the site of ignition
the reaction is propagated along the whole section, just as a nor-
mal flame.

On the basis of the detailed analysis of the phenomena which

aceur in the break, Ya. B. Zel'dovichza'also came to the conclusion

that the ignition of the gas takes place in the break of the shock
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wave. The rate of propagation of the break relative to the gas
flowing into it Dy » Dj hence the temperature and pressure in it are
correspondingly higher, and the combustible mizxture, which reacts
with difficulty in the plane shock wave, should be easily ignited In
the break. The break ard the ignition in it should be considered as
super coﬁxpressed" detonation, supported By the plane shock wave.
Utilizing the clrcumstance that the head of the spin is propagated
along the periphery of the tube, it is possible to show ihe essent~
lJally three dimensicnal phenomenon of spin in a first approximation
in two dilmensions.

In Fig. 5, borrewed from the work of Ya. B. Zeltldovich, the
rectified peripheral shock wave front in this case is depicted. 1In
a consideraticn of the figure, we should rémember that the points
$ and 8 are in essence the colnclding points on the circumference
{the place where the circwiference is cut).

The break 0;0, is deplcted as exaggeratedly large for conven-
$ence in the consideration. As can be seen from Fig. S, motion of
the break consists of motion along the axis of the tube with the
velocity of the detonation D and movement along the circumference of
the tube with the veloéity 1}ﬁﬁiji;§? . As a result, the break moves
in 2 spiral. A high temperature and pressure behind the front of
the break produces a rapld reaction'(ignition) of the gas somewheré
on the line 01 Cots and hence reaction products, the state of which

should be deccribed by soms point of the detonation adiabat of




J N ‘,/4 : %2‘«2
o
I3

y e
9

Fig. 5. Scheme of the spin waﬁe, 0102 is the break in the
shock wave front.

Hugortot (Fig. 6) already are found in zone F. Since the pressure of
the combustion products PF in F is equal to the pressure of the sur-.

rounding gas, compressed by the flat (more accurately, almost flat)

shock wave Pp, the state of the reaction products corresponds to the
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point F on the curve of Hugonlet, From the condition of stationar-
irese of the propagation of the whole system, 1t follows that the
jgnition front 01'0Cy' and the front of the transverse portion of
the shoc%wave 030p should be propagated with the same velocity.
Consequently, the state of the compressed gas pehind the front of
the transverse shock wave should corraespond to the point 0 of our
dlagranm,

A flame from zone F (Fig. 5) propagated along the compressed
but unreacted gas, encompasses the entire section and transfers the
gas to state D, l.e., to the state of normal'detonaticn,

The scheme presented is only a fifst rough approximation, in
which at the boundary of zone F a discontinuity in the velocity of
the motion of fresh gas and the comgustion products is obtalned.
For information on the eqvilibrium of the rates and pregssures, we
must impose a supplementary system'of weak waves of compression and
rarificatiqn, proceeding from 0y' and Oéé. As a result, a condi-

tion of stability of zone F arises: the velocity of the detonation

products in zone F (in the nyransverse wave" ) relative to the basic

wave front should be equal or greater than the velocity of sound.
For a calculation of the state of the gas in the "transverse" shock
wave and & calculatioﬁ of the angle of its inclination this velocity
can be considered equal to the veloclity of sound, to which the op-

timal condition of ignition (the greatest PT) in the wave front




Fig., 6. Calculation of the etate of the gas in the break of |
the shock wave (in the head of the spin).




Qi9201202‘ corresponds. This assumption, however, has until now
remained without theorstical basis, just as for a long time the
selection of the point of Jouguet in the classlcal theory of norma L
detonation remained without basis. o

The calculation of the angle « {Fig. B), carried out for
concrete mixtures has shown good agreement with experiments
(ol = 450, pitch of the spin = 3d).

6. The Reaction Time and the Mechanisms
of 1ts Transfer in the Detonation Wave.

In his very interesting Investigation of thé influence of the
roughness of the wall on the course of combustion, K. I. Shehelkin32
revealed that in a tube in which a wire is placed, wound in the form
of a spiral and attached to the inner surface of the tube, the rate
of detonation in a nurber of mixtures, such as 2Hp % O, CHg% Oz,
etc., noticeably drops. A drop in the rate of 15 ~ 20% in compar-
ison with the rate in a s#mméh tube is noted. The influence of
roughness on the rate of detonation can be caused only by an in~-
crease in the loss in the wall (friction, thermal emission) from
the reaction zone, up to the attainment by the gas of the state
cor;esponding to the point of Jouguet. Hence from the experimsnts »
of K. I. Shchelkin which we have described it follows quallitatively
that the reaction zone in the wave has a considerable extent, fully

comparable in any case, with the dimensions of the roughness itself
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(the diameter of the wire is approximately equal to 1.5 « 2.0 mm. ).
Such an extent of the reaction zone corresponds to a reaction time
exceeding several microseconds. Utilizing the data on the drop in
the rate of detonatlion in narrow tubes and camparing it with the
losses in thermal emission and ftictigﬁ of the walls depesndent on
the diameter of the tube, wo can draw the following conclusions on
the reaction time:

1. The magnitude of the zeaction in the mixture 2Hy4 Op.at an
initial atmospheric pressure is proved to be of ths order of five to
ten microseconds. ‘This quantit} is fifty to>a hundred times larger
than the quantities calculated by A. I.“‘Brodskiy and Ya, B. Zel'déa-‘
vich?® from dats on the well-investigated kinetics of the oxidation
of hydregen in combustion.l6 | |

| 2, The dependence of the length of the reaction.on a sim=
ultaneous variation im the pressure and temperature in the shock
wave proves to be cansiderablf weaker tgan it follows from the
known kinetic data.l6:2% The reaction time depends little on the
temperature and pressure. |

3. The reaction time both for normal detonation and for spin
detonation prove to be indepeﬂdeni of the diameter of the tube.

The extremely low influence of pressure and temperature on
the rate of the reaction observed is in poor agreement with the cur-

rent representations of the kinetics of the corresponding reactions.




For an agreement with the classical theory of the transfer of the
reaction by means of compression of ignition, some kind of supple- ’
 mentary assumption on the mechanienm of the course of the re;ctiam
in the wave must be made, for example, the assumption of the'hre~
sence of some kind of secondary egothermic reactions with a low tém»
perature coefficient in the incompletely burned substance or the
assumption of the pressnce of an abrupt redistribution of energy
between the degrees .of freedom in the reaction product, etc. The
most probable is the assumption that in the mixtures investigated
a mechanism which is radically different from the classical mechanism
of . _transfer of the reaction by turbulént combustion takes place
(see 24). |

The critical vaIUes of the criterion of Reynolds observed in
innumerable experimental works on this subject,30 »31 in which the
flat flame front is auto-agitated (Recr. = 5.10 —100) are of the
same order as the value of Re behind the shock wave front at the
limit of appearancc of the spin. Thus, for the mixture 19% CHs4 plus
81% Oy, the value of the criterion of Reynolds

W A

where w, ~- the normal velocity of the plane probably does not

exceed 10b (an accurate calculation is made difficult by the nec-




essitQZixtrapolatiﬁg, and thus the noxmal velocity under normal con-
ditions Qf temperature and pressure in the shock wave is not too
well known. However, as is now evident, in addition to the viscosity
thers are also certain factors which stabilize the.flat front of the
flame, and hence it can be expected thé; the stability is not depénd~ t
ent only on the quahtity Re.
According to the scheme proposed by M. A. Riyin,24 behind the -
wave front a zone.of weak luminescence should follow, which repre~
sants the trace of the fine concentric turbulent flame (the "mantle®
flame -- see Fig. 4, b), which then is either prupagated along the
whole section or -produces by some méthod ‘the appearance of an auton

turbulent flame (the front of strong luminescence*). The two types -

#*The front of strong luminiscence here may not have noticeable
irregularitiess: the magnitude of the irregularities (tongues) of the
excited flame front can be very small in comparison with the diameter
of the tube, since it should only appreciably‘exceed the thickness of
the flame itself (10'"3 - 10‘4mm.). Hence the surface of the flame
can prove to be sufficlently well developed at low absolute dimensions

of the tongue.

of detonation, normai and spin ~-- correspond from this point of view




to two different mechanisms of transfer of the reaction == by the
turbulent flame and by suto-ignition as a result of compression in
the head of the spin with subsequent complete comhustipn of the en-
tire mixture. The conditions of the transition from normal deton-
ation 10 spin detonation remain unclear and their explanation ap-
pears to be one of the baslc tasks for further investigation. It is
clear however that every change in conditions of the experiment which
approaches the limit (the dilution of the mixture, a lowering in
the initial pressure) makes the turbulent propagation and the ap~
pearance of avtoturbulization difficult.

Is 1t realized under any conditioné and in any systems with
a non-gpin plane auto-ignition behind the shock wave front? From
the material presented sbove no logical haseskfor the elimination of
“guch a mechaniem follows, It is necessary only that the reaction
time under the conditlons of the sﬁock wave be sufficlently small,
f.¢., that the depth of the reaction zone be less than the distance
at whi?h the disruption of the boundary layer takes place. In the
experiments of K. I. Shchelkin cited above3? it was noted that a
roughnese producing a drop in the rate of ten to twenty per cent
in such mixtures as CHq + 20, or 2Hy 4 Op has no influence on the

When the mixture is extram#ly dilate (e.g. C,Hy + 07)
rate of detonation in the mixture Coffy =+ 302. A the influence
of the roughness is quite clearly manifested. Thé absence of an
influence of roughness on the rate indicates that the dimensions of

the reaction zone are small, which should be characteristic pre-
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cisely for the classical mechanism of transfer of {he reacticn. It
will be very interesting to investigate detonztion in the mixturs
- CoHy4-30; both by the method of loss in narrow tubes and by other
methods, and to verify the assumption of the classical mechanism of
transfer of the reaction in this mixture.

sbove we mentioned the kinetic calculation of the reaction
time in the work of A. I. Brodskiy and Ya. B. 7el'dovich?® In this
wdr% a first attempt was made at a direct calculation of the re-
action time in the detonation Qévé.anﬁ the limif of detonation for
a concrete chemical system -- the mixfﬁres of hy&ragen with air and
hydrogen with oxygen. |

These authors placed the now ggnerally accepted scheme of
chain oxidation of hydrogen between the first and second limits of
ignition at the basis of their oalculatiana?é |

I. Hgpt o, = 20H == geheratien of the chains.

I1. OH+Hy = HoO+H =~ aontinuatidn of the chain.

111. H +0; = CH+ O }-- branching of the chain.

IV, O+Ky = OH+H

Vo HPO M = HOy 4 M == breaking of the chain in bulk.

All elementary processes related to the participation of the
walle under the conditions of detonation are obviously elimlinated.
The rate of the elementary reaction of branching IIT, whose energy

of activation is equal to 18,000 cal./mole, is of decisive signif-




jcance for the rate of the reaction. The rate of the fermiﬂating‘
reaction is independent of the temperaturs taken. Utilizing the
known rate constants of the elementary reactibns I~ V, the authors
caiculated the rate of thé reaction (réte of formation of théAend
product ~= H;0) and, respectively, the time of inhibitinﬁ of the

reaction * under the conditions of spin detonation in a hydrog@h«air

#As the chafacteristic time, # time is taken during the course.
of which one per cent of fhe substance éucceeds in reacting. For a
chain reaction this time practically doés not differ from the time
of the reactionAof ten, twenty, of'fifty per cent of the substance,
aiﬁce the basic part of the entlre feaétion time is taken up by its

original acceleration (the time of inhibition, induction pericd).

the .
mixture at,lower limit (15% Hp). 1In Fig. 7 the calculated depend-

ence of the inhibition time T on the temperature is presented in
- the eoordinates 1g2}~ T. As can be seen from the curve, zbove a
certain temperature (aéproximately 1300° K. for the given concrete
conditions) the feaction of breaking of the chain (reaction V)
proves to be negligibly siow>1n comparison with the reactions of
braﬁching. However, beginning with a ceitain critical temperature

and below, a sharp decrease in‘tha rate of the reaction is observed
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(the breaking of the chain through formation of Hdg ®extinguishes”
the branching and transfers the reactlon onto another slower path)
and, cérraspondingly,'a sharp increase in the reaction time (approx-
imately a thousand times 1in aﬁ interva1 of 100 degreeﬁ), This crit-
ical temperature is no different from the temperature of the upper
1imit of the ignition at the pressure of the shack wave (as is well
kngwn}lé the appearance of an upper limit of jgnition is reiatad
precisely to bulk termination during triple collisicns according to
reaction V). A. I. Brddskiy and Ya. B. Zélfdoviéh believe that the
decrease in the compression temperature at the head of the spin
proporﬁional toﬁthe'dilutign of the mixiure up to the critical temp-
rature determines the appearance of én.absolute {independent of
thé diameter of the tubs) limit of detonation. .The‘form of the de-
pendence of T on T 1s also explained by the fact that qioge to the
1imit the propagation of normal detonation is impossible, while spin
detonation can still be maintained. Indeed, the temperature of the
gas in the plane shock wave at the lower 1imit (15% Hy) proves to
be equal to 1000° K., to which a reactionbtime of the ordsr 6f
millisecoﬁds {Fig. 7) corresponds, i.e., very large for the condi-
tions of the detonation. At the head of the spin (T; = 1430°%K. )
the reaction time is measured in microseconds and proves to be suf=-
ficiently small to guarantee rapid ignition, which is essential for

steady propagation of detonation.
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Fig. 7. The depandence of the reaction time T in a mixture
of H, plus air on the compression temperatuxe at the head of
the spln, according to 7el'dovich and Brodskiy.
The calculation of the reaction time in the plane shock wave
in the detonation of a stoichiometric mixture 2Hy+ Oy performed by |
-8
such a method lead the authors to a value T¥® 7.10 sec. It has
already been noted above that the calculated’t proved to be much

less (50 to 100 times) than the measured combustion time in the wave.
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If in the mixture 2Hy+ 0O, the reaction in the normal detonation wave
is transferred not by auto-igniilon as a result of compression, but
by rurbulent combustion, as it was necessary to assume for an ex-
planation of the eiperimental data, then it is not understoocd why
a mixture which can ignite in the head of the spin at the limit of
detonagtlon cannct igﬁiie in a flat shock wave in a stoichiometric
mizture, although both the temperature and the pressure of com-
pression in it ars higher than in the first case. Moreover, this is
not the only contradiction bsiweén the resuitslcf calculation and
those of the experiments. The authors of the aalculation themselves
note the following two essential contraﬁiﬂiicnsz

1. From the scheme of the reaction itself it fciluws that
an increase in the pressure shoulﬁ narrow the 1imit, since the rate
of the termination reaction V, proportional to the number of triple
collisions, increases with pressure more rapidly than the rate of
the branching reaction I1I, as a result of which the critical temp-
erature is increased. Mesanwhile, from the experiments of Bretonl?
it is known that an increase in the pressure from 1 to 8.7 atm.
lowers the limit from 1B8.5 to 14.5 per cent Hy in the air. This fact
is in appaxent coﬁtradiction to the results of calculation.

2. For the same reason it is evident that with an Increase
in the initial pressure, for example in a stoichiometric mixture
2Hy+ 0y, the limit of the propagation of the normal detonation would

first be reached, and then that of spin detonation would be reached.




Meanwhile, experiments are known33in which this mixture detonated by

 the inftial pressure of sevaral hundred atmosphsres. It is known

also that the limit of propagation of detonation advances with a
decrease in the initial pressure of the mixture. All these confra-
dictions between the experimental data and the scheme of the reaction,
as well aé'the results of the dalculation, indicate that in a tran~
sition from high temperatures and pressures of the detonation wave,
some factors become essentlal which are not taken into consideration
in the general scheﬁes of the reactioﬁ, developed oh the basis of
a study of the reaction in the region of proﬁontory ignition.

An explanation of these factors and the causes of the di~

vergence betwéen experiment and calculation is of very great in-

. terest.

14 {s wall known that in the transition of normal combus~
tion detenation, detcnation often arises somewhat in front of the

flame front, a6 a result of the auto-ignition of the gas in the

shock wave which hae been forméd. Sometimes this fact is considerd

as a confirmation of the fact thet in a normal detonation wave the
reaction takes place through ignition as a result of compression.
However, the velocity of the wave close to the site of the auto-
fgnition is always greater than the velccity of the detonation wave
established. A somewhat simplified scheme of the only publisheci26
detailed photograph of the site of the appearance of detonation in

a mixture of 2CO4 0, is presented in Fig. 8. Detonation appears




at the point D, approximately 60 mm. in front of the normal com-
pustion front, which moves with & velocity of 1275 m/sec. The rate
of detgnation, equal close to the site of appearance to 3260 m/sec.,
then decreases to 1980 m/sec. and only at a coneiderable distance
.vfrom point D, after the establishmen?ﬂqf spin, does it take cn a
stable value of 1760 m/sec. It is possible to assume that the high
rate close to the site of the appearance {s due elther to the fact
that the shock wave here is propagated aléng the gas, moving with a
velocity of 3260 - 1760 = 1500 rﬁ./sec. (1eeas aléng the peak of the
adiabatic compression wave}, or to thefact that'at the moment of
its formation the éhoak wave is stxcngly éuperccmpressed in compar-
{son with the stationary wave. And in both cases the calculation
leads to values of the‘temperatuwe and préssuie at which auto-igni-
tion‘takes place much larger than those attained in the stationary
wave. From this the conclusion can be drawn that the pressure and
temperature of compression'behind therfiat stationary wave front
are insufficient for a rapid auto-ignition of the mixture. Cohse~
quently, the fact described above speaks more against the classical

mechanism than in favor of it for a glven mixture 2C0% Oy.
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Fig. B. Scheme of a detailed photograph of the site of the
appearance of detonation in the mixture 2CC Oy,

7. Limits of Detonation

Let us return to the problem of the limits of propagation of
detonation. Bretonlzand M. A.

Rivin and A. S. Sokc1ik34 noted that

dwepo
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when a limit is ne&%edg'nermal detonation turns inie gpin detona~
tion. Only spin detonation is observed in such difficultly detun-
ating mixtures as mixtures of the majority of the hydrocarbons with
air or of carbon monoxide with oxygen. Kh. A. Rakipova, Ya. K.
Troshin, and K, 1, Shehelkin®made & special investigation of the
structure of the wave in a2 number of mixtures with limits and in
all cases detected a spiﬁ.' The authors indicated on this basis that
the theory of the limit of defonation should be a theory of a spin
1imit. |

A éempleté quantitative theory of the spié 1imit has not yet
been created, since in essence a compleﬁé,theory of the phenocmenon
of spin itself has not ye{'been constructed. Ya; B. Zel*davichzﬁ
and ‘5? . Kogark036 relate the appearance of a limit to the spread-
ing of the supercompressed gss from ihe break in the.sheck wave
(the head of the spin) 0101‘ 0o0p' to the sidas (see Fig. 5).
Ccoling'of the gas in the break as a result of the épreading should

be greater, %he greater the ratio

L
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spin, and b is equal to the distance 0102. In order for rapid

ignition to remain possible, i.e. in order for the amplitude of

~ the wave in the break not to fall too low, it is necessary that as

m o increases (for example, as a result of dilution of the mixture)
the width of the break b correspondingly increases. At the same time |
the quantity b should remain small in comparison with the diameter
of the tube§ otherwise the surface S8 of the basic shock wave takes
-on too large an imlination to the axis of the tube (in the direction
of the displacement of the whole wave front), as a result of which
its normal velocity to the surface drops and the pressure behind its
fyront is lowersd, whieh, in turn, leads to a drop-in the pressure
and temperatuce of fhe super-compressed gas in the break, causes an
increase in{, , etc.

‘ Thus, the spin limit should depend on the diametexr of the
tub@zl the larger the diameter. the wider the break should be, the
more accessible the quantityTc, an¢ thQ'wider, consequently, should
the limit be. Here we should expect, independent of the diameter
of the tube, the spin will always be one-headed by the limit. Any |
influence which decreases T¢ should act anslogously to the increase
in the diameter. Cons equently, for the spin limit the same quallta-
tive dependence should exist as that which is predicted by the theory
of normal detonation on the assumption of the "classical mechanism.” '8
Considering the subsequent propagatlion of the flame from the bead of

the spin along the whole section, Ya. B. Zel'dovich and 8. @fvxég*




" arko came to the conclusion that the total cambus€ion tim@‘?cambe
in the detonation wave, which was determined by the depth of the
zone of increased pressuie {the zone ED on Fig. 3}, should be pro-
portional to the aiametez, as a result of which the specific loss
in the wall (thermal emission, frzctioﬁ) should not depend on the
_ dianeter, anﬁ, consequently, should not influanﬂe the appearance of
the limit (loss in the wall is approximately aquai to~w») '

An invastigation of the detﬁnation linmit cfﬂhydragen~aix1rx¢wﬁ '
in'a tube of large diameter (300 mm.sé) has showgzgn increase in
the diameter leads to a comsiderable broadenxng of tha limits (up
to appraximate}y 15% Hp when D equals 300 mn. }.  Measuring the presy
ure of the reflection of the wave from %he end of the tube %ith the
aid of crusher gages, the author showed that at the limit itself of
the zone of increased ﬁressure has a noticeable depth, of the order
of {/ = 15em. The time that the gas remains in this zone, i.e.
the combustion time Teemp, = L/ - w = £¢/DPH == 5I/D. At a measurd
D3 1500 m./sec. we find Teombe = 5:1@"4sec. For a tube of such a
large diazmeter this depth seems somewhat sméll, since it means that
the normal flame from the head of the spin encompasses the whole
section of the tube at a depth of approximately 0.5 of the diameter,
for which the rate of propagation of the flame in a radial direction
(for a one headed spin} should comprise ik wBBEE e g fen

Teomb, B0 "¥epe.
In the case investigated, however, Spin remains many headed. This
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" lowars the required radial veloeclty of the flame to 300 m./seCey

which is still too much. In any case, these experiments represent
the first expsrimental, although still qualitative, evidence of the

exlstence of a zone of increased pressure, higher than that which
of

~ might be chtained at the point/Jouguet behind the detonation front.

The drop in temperature and pressure in the plane wave as
the result of a lossg at the wall should lead to an almest propor-
tional drop in the temperature and pressure in the break of the

wave, and coneeqﬁently, to 2 delay in the reaction in it and to the

" appearance of a limit. It is curious that the quantitative criter-

ia of the appesrance of a limit with such a mechanism of its ap~-
: 15
pearance should remain the same as were deduced by Ya. B. Zel'dovich

‘for normal detonation according to the "classical mechanism.”

The theory of spin permits us to draw some conclusions on the
positions and possible dimensions of the break of the wave close to
the limit. 1In a rough approximation, répresented by scheme in

Fig. %, the rate of the influx of the gas in the front of the break

~is equal to

Dy == DY+ D}

where Dy is the axial velocity of the propagétion of detonationg

Dy is the peripheral velocity of motion of the break. The amplitude




of the shock wave is greater the greater the rate éf its propaga-
tion. At the same time, at a given freguency of the rotation, the
peripheial velocity is proportional ﬁo the distance of the bresk
from tbe axig of the tube (the radius of rotation of spin), which
we shall designate by x. 'The'temﬁarature and pressure of the gas
compressed in the shock waye‘are appro;imately prépartional‘to the

square of its velocity. Thus

. Twpmng Di, +(;)2 D% " s

In Fig. 9'the line ACA represent; the vaiiation in thé temp-
erature in the break depending upon the dis{&née of the head of the
spin from the axis of the tubs. It is clest that the most favorable
conditions for ignition {the largest temperature) exists in the
break when it is situated at the very periphery of the tube. At the
)imit of the detonation only such a position of it is possible.

By such a method it is also possible to obtain some idea of
the possible radial dimensions of the head of the spin at the limit.
It is easy to show that the same curve ACA of Fig. 9 represents the
radial distributicn of the maximum temperature attainable at the
break. 1In fact, as has been. indicated above, we must postulate
ctill another condition for equality of the Velocity of,tﬁe detona~

‘tion product at the head of the spin {relative to the wave front)




Fig. 9.. Radial distribution'of the.maxihally attainable

compression temperature of the gas in the spin braalk.
angd the velﬁcity.of sound. Withcui devoting oursalves to detail,
let uvs note only that as a resuit of.thié the température in the
break T, proves to be smaller than Ta, i.e., smaller than the
marimun temperature attainable at the optimum angle between the fronk
of the bresk and the plane wave. However, along the radius such a
temperature can exist only on the'line CC. It is possible to assume
thet the relationship of this length to the diameter of the tube is
an essential parameter in the theory of the spin limit.

Here the chemical-kinetic aspect of the theory of detonation

| _has chlefly been considered. The difficulty arising in the xesolu- |
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tion of the problem of the nature of the motion of gas behind the
detanati;n zone, of frictional retardation and tharmal emission, is
basically in the nature of calculations. Meanwhile, the problem of
the mechanism of the transfer of the reaction in the wave, which
until now has not been definitively explained, appears to be thﬁ
principal physical problem. Hence the chief problem of investiga-
tion includes a definitive establishment of thﬁs mechanism and a
quantitative confirmation of the theory. The pos ssibility of direct
study of the kinetics of chemical reactions at high temperatures and
pressures with the ald of detonation, which has often bzen planned
as a direct measurement of the rate of the reaction behind the
front of a plane wave, in tﬁe 1ight of the chsiderations presented
seéms doubtful. 1In all probablility, information on the course of
the chemical reaction under these conditions is limited to indireﬁt
data, obtained from measurements of the sbid 1imits or from a com-

parison of calculated experimental rates.

L4
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